We develop a modeless dye laser for broadband coherent anti-Stokes Raman spectroscopy ͑CARS͒ and investigate the operational characteristics of the modeless laser. The energy efficiency of the modeless laser is 6%, and the beam divergence is 0.65 mrad. We construct a compact movable CARS system with the modeless laser and a graphite tube furnace to assess the accuracy of the CARS temperature. It is found that the difference between the averaged CARS temperature and the radiation temperature measured with an optical pyrometer is Ͻ2% at a temperature range from 1000 to 2400 K. We also measure the averaged CARS temperature drift owing to the variation of the spectral distribution of the modeless laser, which is Ͻ1.5% during 5 h of operation.
Introduction
By using the coherent anti-Stokes Raman spectroscopy ͑CARS͒ technique we can most accurately measure the temperatures of hot gases. We can also probe the concentration of major species inside the gas. This technique is used widely in areas such as the study of the fine structure of flames, the measurement of combustion gas temperatures and their composite elements, and the species analysis of plasma. [1] [2] [3] [4] [5] As this is a noncontact method of measurement, the diagnosis of chemical processes in a hostile environment is also possible. 6 The theory and experimental techniques of CARS for nitrogen thermometry have been studied intensively and have been well established over the last decade. [7] [8] [9] [10] From the development of broadband CARS techniques that allow single-shot measurement, the capability of the technique has been extended to apply to many engineering fields.
When we use a doubled Nd:YAG laser ͑532 nm͒ as a pump beam for broadband CARS, the Stokes beam for nitrogen thermometry needs to have a linewidth of 100 cm Ϫ1 near the wavelength 607 nm. A dye laser operating in multimodes has been most commonly used as this Stokes beam. 11 The use of an amplified spontaneous emission ͑ASE͒ beam from a modeless dye laser in a broadband CARS experiment was recently reported by Snowdon et al. 12, 13 By using the modeless laser beam they were able to reduce noise by a factor of 2 or 3 from a CARS spectrum that had a relative intensity fluctuation, caused by the competition of laser modes from shot to shot. As a result they improved the accuracy and the precision of the single-shot CARS temperature measurement significantly.
The precision and accuracy of the CARS temperature are affected by several factors, and they have been greatly improved by many scientists. 14 -17 The most important factor is the characteristics of the laser source used in the CARS experiment. These characteristics include laser mode properties, intensity fluctuation, and stability of the laser's spectral shape. 18 -20 It was reported that the precision of the CARS temperature measurement was improved by using both a modeless laser and a single-mode pump laser. 20 Another factor is the data acquisition system used to take the CARS spectrum and the data processing algorithm used to calculate the CARS temperature from the spectrum. 14, 18 It is well known that in turbulent combustion the image persistence effect in the array detector that is caused by the contribution of previous pulses can severely deform the CARS spectrum. 21 The final factor is the temperature gradient of the CARS probing volume. [22] [23] [24] The accuracy of the CARS tempera-ture scale, however, was not confirmed carefully in the high-temperature region above 1500 K. This is due to difficulties in the construction of a hightemperature source for calibrating the temperature scales obtained with other instruments.
According to the International Temperature Scale 90 ͑ITS-90͒, 25 the temperature above 967.78°C is defined by the ratio between spectral radiance from a target under test to that from a freezing point blackbody of silver, gold, or copper. Also the standard measuring instrument in this temperature range is an optical pyrometer. To assess the precision of the CARS temperature below 1500 K most people have used a thermocouple as the reference instrument. 14, 16, 26 Recently Wenzel et al. 17 measured a CARS temperature of as high as 3200 K using a pulse-heated graphite tube furnace that could be heated within a few seconds and heat maintained for only a few seconds for which they used an optical pyrometer as the reference instrument.
In this research we develop a new simple modeless dye laser for broadband CARS and investigate the operational characteristics of a modeless dye laser. By using this laser we can construct a movable CARS system. To assess the uncertainty of the CARS temperature scale we also construct a graphite tube furnace that has a blackbody structure and can be maintained at a constant temperature to a maximum of 2500 K. By comparing the CARS temperature with that measured by the pyrometer we can evaluate the accuracy of the CARS temperature in the temperature range from 1000 to 2400 K.
Modeless Dye Laser

A. Design of the Modeless Dye Laser
The modeless laser developed in this research has a conventional dye laser structure that is easy to align optically. We use two Buthune cells to give the output beam uniform spatial distribution. The scheme of the modeless dye laser constructed in our research is shown in Fig. 1 , where the components are serially arranged for easy optical alignment. The diameter of the first Buthune cell is 1.5 mm and that of the second is 2.0 mm. The length of the pumped laser active medium of both cells is 20 mm. The incident laser beam used to pump the modeless dye laser is focused into a dye cell with a cylindrical lens set.
The amplified spontaneous emission ͑ASE͒ generated backward from the first cell is reflected by the mirror and is amplified as it passes the first cell again. The central part of the ASE passes through the aperture ͑ ϭ 0.7 mm͒ shown in Fig. 1 . To adjust the diameter and the divergence of the beam the beam enters the amplifier through the modematching device ͑the beam expander shown in Fig. 1͒ . Similarly after the beam has been treated with the mode-matching device we increase the energy efficiency by using the amplifier. When aligning the first cell we block the pump of the second cell with a beam stop to avoid the interference of the ASE, which occurs in the second cell. We also set the direction of the ASE from the second cell differently from that of the ASE from the first cell. This means that the second dye cell does not contribute to the generation of the ASE, but only amplifies the ASE beam. We prevent cavity formation by tilting the amplifier windows and lenses in the mode-matching device. We also put in a narrow-band interference filter between the mirror and the first dye cell for wavelength selection.
B. Operational Characteristics of the Modeless Dye Laser
The output of the ASE varies by ϳ20% as the temperature changes from 10°C to 50°C, and we have the maximum value at temperatures near 20°C. Therefore in the following experiments we set the temperature of the dye solution at 20°C. To avoid variation of the spectral distribution of the ASE owing to temperature changes in the dye solution we control the temperature to within 0.1°C. To test the characteristics of the modeless dye laser, KR620 dye ͑Kiton Red, Exiton Chemical Company͒ in methanol is used. Figure 2 shows our observations of the output energy variation of the ASE as we changed the pump beam energy. As the pump beam energy increases, the output energy of the ASE increases linearly. However, the energy efficiency increases only a small amount in the beginning. For pump energy above ϳ100 mJ the energy efficiency stays at ϳ6%. This is somewhat lower than the efficiency of a conventional pulsed dye laser.
As we change the concentration of KR620 to 2.0 ϫ 10 Ϫ4 M with the pump energy of the doubled Nd:YAG laser fixed at 125 mJ, we measure the output energy and the center wavelength of the ASE. Both the output energy and the center wavelength of the ASE increase uniformly as the concentration increases, and the results are plotted in Fig. 3 . However, when the concentration of dye is higher than 1.8 ϫ 10 Ϫ4 M, the pump beam does not reach the center of the active medium in the amplifier dye cell, which causes the output power to create a spatial donut shape. Therefore in the following experiment we set the dye concentration at 1.5 ϫ 10 Ϫ4 M to give good spatial distribution of the ASE output. The measured beam divergence of the modeless laser beam is 0.65 ϫ 10 Ϫ3 rad, which is approximately two-and-a-half times greater than that of the diffraction-limited laser source.
It is important to check the tunability of the modeless laser before using it in broadband CARS experiments. There are two ways to tune the wavelength of the modeless dye laser, either passively or actively. In the passive method we change the physical and chemical states of the active medium to modify the characteristics of the ASE. In addition to the concentration of dye, small changes can be caused by either the temperature of the dye solution used or the power of the pump beam. Also to generate the desired wavelength using this method we first must measure various systematic parameters under many different experimental conditions. On the other hand, if the active method is used the wavelength can be tuned using optical elements that actively select the wavelength of the ASE generated from the dye. Dispersive devices, such as a diffraction grating, a prism, and an interference filter that transmit only a certain wavelength, are used mostly for this method. The tuning of the wavelength is easy in this case, but the linewidth of the ASE decreases so that we may have some trouble measuring high temperatures of gases whose CARS spectrum is broader than the linewidth of the ASE.
We measure the spectral characteristics of the ASE with a monochromator ͑Jobin Yvon U1000͒ and an optical multichannel analyzer ͑OMA͒ ͑Princeton Instrument EIRY1024͒. The typical spectral distribution of the ASE has a smooth Gaussian functional shape, and the FWHM of the spectrum is 3.5 nm ͑120 cm Ϫ1 ͒. The change in the measured center wavelength of the ASE compared with the increase in the concentration of dye KR620 has already been shown in Fig.  2 . For the variation of dye concentration from 0.5 ϫ 10 Ϫ4 to 2.0 ϫ 10 Ϫ4 M the center wavelength shift is ϳ5.0 nm ͑140 cm Ϫ1 ͒. We also measure the variation in center wavelength as a function of the temperature of the dye solution. As the temperature changes from 10°C to 26°C the change in peak wavelength is only 0.25 nm. The center wavelength of the output beam shifts continuously to longer wavelengths as the temperature increases, but the shift is small compared with the variation caused by the concentration change.
As shown in Fig. 3 the method of tuning the wavelength of the ASE beam according to the concentration change of dye has a restrictive wavelength-tuning range. Also as shown in the same figure the output energy decreases abruptly in the region of low dye concentration. To avoid these problems it is common to mix different dyes in broadband CARS experiments. A mixture of KR620 and R640 dye ͑Rhodamine 640, Exiton Chemical Company͒ solutions is used usually to generate a Stokes beam for nitrogen CARS experiments. The results for wavelength and output energy variation owing to concentration change of the mixed solution are shown in Fig. 4 . In the experiment we add R640 to a KR620 dye solution with a concentration of 7.5 ϫ 10 Ϫ5 M. In this case the center wavelength of the ASE abruptly shifts to longer wavelengths as the concentration of R640 increases. When we change the concentration of R640 in the dye solution to 1.0 ϫ 10 Ϫ4 M, the shift of the center wavelength is as much as 30 nm ͑850 cm Ϫ1 ͒.
To tune the wavelength of the ASE actively we use either a narrow-band interference filter ͑Oriel 53920͒ or a diffraction grating ͑1800 grooves͞mm͒ as a wavelength selection device. If the angle of the filter to the direction of the modeless laser beam changes, the transmittance curve of the filter changes. This in turn changes the peak wavelength of the modeless laser. The efficiency of output energy is reduced by 15-20%, and the FWHM of the ASE beam generated with the wavelength selection device is ϳ2.5 nm ͑70 cm Ϫ1 ͒. Accordingly the energy density per unit wavelength increases by 40 -45%. The wavelengthtuning ranges using the filter and the diffraction grating are ϳ7.1 and 10.7 nm, respectively.
If the ASE wavelength is tuned using a diffraction grating, we can expect that the ASE beam will have a different spatial spectral distribution because the light of different wavelengths is diffracted according to the grating angle. When this light with a spatially different spectral distribution is used as a Stokes beam in a broadband CARS experiment, many errors in the CARS temperature measurements may be caused owing to deformation of the CARS spectrum.
To check the variation of the spectral distribution of the ASE we select only one part of the modeless laser output beam and put that into the monochromator equipped with the OMA for spectral distribution measurement.
At the position where the diameter of the output ASE beam is ϳ5 mm, we measure the spectral distributions at five different locations of the beam: at the center and Ϯ1 and Ϯ2 mm horizontally from the center of the beam. The variations of the center wavelength of the spectral distribution are plotted in Fig. 5 . When a diffraction grating is used the center wavelength variation of the ASE beam is ϳ2.5 nm ͑69 cm Ϫ1 ͒. On the other hand, when a narrow-band interference filter is used the amount of variation is only 0.1 nm ͑2.0 cm Ϫ1 ͒, which may result from the spatial nonhomogeneity of the interference filter.
Movable CARS System
Most CARS systems set up in the laboratory are bulky and their use is restricted to the laboratory where they were first installed. For industrial applications the CARS system should be compact, transportable, and user-friendly. The first movable CARS system was constructed by Anderson et al., 27 and recently a movable CARS system has become commercially available.
A schematic of the optical layout of the CARS system built in this research is shown in Fig. 6 . The CARS system consists of a main body and a small detection component. The main body includes laser sources, beam alignment equipment, power supplies, a dye circulator, a homemade monochromator equipped with a gated OMA ͑EG&G 1461͒, and control units. The main body of the CARS system is 1.5 m ϫ 0.9 m ϫ 1.5 m ͑length times width times height͒, and the detection component is 0.6 m ϫ 0.3 m ϫ 0.2 m ͑length times width times height͒. We controlled the temperature of the optical table installed in the main body by circulating cool water through the table.
As shown in Fig. 6 a frequency-doubled Nd:YAG laser ͑Continuum, Surelite II͒ produces light of 532 nm, giving ϳ200-mJ pulse energy, 7-8-ns pulse duration, and a 10-Hz repetition rate. Most of the energy of the frequency-doubled Nd:YAG laser ͑Ͼ80%͒ can be used to pump the modeless dye laser to obtain the Stokes beam. The remaining beam passes a beam splitter-mirror combination to produce two pump beams for the folded boxcars phase matching. To avoid the cross-coherence effect 28, 29 between the two pump beams, one can use an ϳ5-cm path delay. The pump and the Stokes beams are vertically polarized and we use the CARS signal with the same polarization. We also used boxcars phase matching in the experiment, and the waists of the pump and the Stokes beams in the collimating lens are ϳ2.5 mm. The distance between axes of the two pump beams is 5-6 mm.
The CARS signal is spatially filtered with an iris diaphragm, and we reject stray light, pump, and Stokes beams using dielectric beam splitters, a Pellin-Broca prism, and an absorption glass filter ͑CVI BG-3͒. The signal is transferred from the detection component to the homemade monochromator with an optical fiber ͑Oriel 77530 ϭ 200 m͒. The signal is passed through the monochromator, and the CARS spectrum is recorded with the OMA.
The focal length of the monochromator is 1 m, and dispersion is 0.4 cm Ϫ1 per a pixel of the OMA. To avoid misalignment of optical components in the monochromator owing to mechanical vibration, most moving components are removed. A concave grating ͑Milton Roy, Ltd. 53-52-29-880, 2400 grooves͞mm͒ sits on a Rowland circle, and the angle of the grating mounted on a rigid rotator is manually set and locked. The f-numbers of the monochromator and the optical fiber are 12.5 and 9.2, respectively. A cylindrical lens ͑ f ϭ 10 cm͒ is placed after the entrance slit, and the resolution is estimated to be 0.0094 nm.
The CARS temperature is calculated with a homemade program written in Visual Basic ͑version 3.0͒. The fitting routine is taken from the FTCARS program ͑Sandia Program, PC version͒, and the program runs under the Microsoft Windows system ͑MS Windows version 5.0͒. We generate the library of CARS spectra calculated in the temperature range from 200 to 3000 K in steps of 50 K with the CARSFIT program. In the calculation we include the effects of collisional narrowing using the exponential energy gap law. The bandwidth of the pump beam is measured to be 1 cm
Ϫ1
, and its spectral shape is assumed to be a Gaussian function. The slit function of the detection system used in the calculation is measured and kept in a data file. The separate convolution is performed with the linewidth of the pump beam and the slit function. The spectrum is fitted to the theoretical spectrum with an appropriate weighting scheme. 30 During the CARS experiment we took a nonreso- nant CARS spectrum and a dark signal of the OMA and kept those files in the computer memory. After taking the CARS spectrum we could calculate directly the CARS temperature in a second by clicking a function key with a mouse button. The program also has the capability of single-shot analysis. We can take a few hundred single shots of CARS spectra at a repetition rate of 10 Hz, and then calculate the statistics of the CARS temperature of the single-shot measurement using the program.
Uncertainty of CARS Temperature
A. Graphite Tube Furnace and Optical Pyrometer
A schematic diagram of the graphite tube blackbody furnace is shown in Fig. 7 . To heat the blackbody, electric current flows directly through the graphite tubing. To create a uniform temperature profile along the tube axis we compensate the heat conduction loss by changing the cross-sectional area of the tube. The outer diameter of the tube is increased linearly from 8 mm at both ends to 10 mm in the middle, and the inner diameter of the tube is 6 mm. To make a blackbody structure a partition of 1-mm thickness is installed in the middle of the tube. There is a 1-mm hole at the center of the partition through which the laser beams for the CARS experiment can pass. The total length of the graphite tubing is 90 mm, and the length of the heating component is 60 mm. Two cooling-water jackets hold the graphite heating element and molybdenum radiation shields ͑thickness of 1 mm͒. Both coolingwater jackets are electrically insulated with silicon rubber installed on the contact surface, but cooling water can flow from one to the other through holes in the insulator. The water jackets are also used as electrodes to supply electric current for the graphite heating element. To prevent oxidation of the graphite element at high temperatures we create an oxygen-free environment using a stainless steel chamber, and we can maintain the pressure in the chamber to 20 bar. The blackbody furnace can be heated to Ͼ2000 K in a few minutes, and the temperature is stabilized within 1 K during the CARS measurement.
We measure the temperature of the graphite blackbody with a homemade radiation pyrometer by detecting infrared light from the blackbody. The minimum target size of the pyrometer is 0.5 mm in diameter. The pyrometer has a narrow-band interference filter ͑peak wavelength 850 nm; FWHM 10 nm͒ and a long pass filter ͑cutoff wavelength 700 nm͒ to reject stray light from the lasers. The infrared light is detected with a silicon photodiode.
As shown in Fig. 7 the view angle of the blackbody is so small that we use a short-wave pass dichroic beam splitter that transmits laser beams for the CARS experiment. The dichroic beam splitter is placed in front of the chamber. Laser beams for the CARS experiment pass through it, and the infrared light from the blackbody is reflected back.
We calibrate the pyrometer ͑with the beam splitter and the window of the furnace͒ as a system. By moving the probing point of the CARS measurement Ϯ2 mm along the axis of the blackbody from the position of the partition, we measured the averaged CARS temperature and found the temperature gradient Ͻ5 K at a blackbody temperature of 2080 K. Considering the uncertainty of the pyrometer ͑0.1%͒, the apparent emissivity of the graphite-tube blackbody ͑ϳ0.99 Ϯ 0.01͒, and the temperature stability of the blackbody furnace ͑Ϯ0.1%͒, the estimated total uncertainty of the temperature scale realized with the blackbody source and the pyrometer is Ͻ0.3%.
B. Comparison of CARS Temperature with Radiation Temperature
For normalization of the spectral intensity distribution of the modeless dye laser a nonresonant CARS spectrum is taken with the chamber filled with pro- pane at 1.5 bar. The nonresonant CARS spectrum is an average of 50 single shots and is taken before the CARS temperature measurement.
By using the movable CARS system and the graphite blackbody furnace we take 200 single-shot CARS spectra and plot a histogram of the CARS temperatures, which is shown in Fig. 8 . When the temperature of the blackbody furnace ͑measured with a radiation pyrometer͒ is 1200 K, the mean value of the histogram of the CARS temperature is 1187 K and the standard deviation is 24 K. Therefore we estimate the precision of the single-shot measurement to be ϳ2%, which is much less than that ͑ϳ5%͒ obtained under similar experimental conditions with a conventional multimode dye laser. 12 To evaluate the uncertainty in the CARS temperature we measure the difference between the averaged CARS temperature and the radiation temperature obtained with the optical pyrometer. The chamber is filled with pure nitrogen gas, and the gas pressure is kept at 1.0 bar during the CARS measurement. The averaged CARS temperature is measured in steps of 200 K in the temperature range from 1000 to 2400 K. For the averaged CARS temperature calculation we take five CARS spectra averaged with 50 single shots at each measuring point. During the experiment the CARS temperature was derived from the CARS spectrum in seconds using the software mentioned above. The measured difference between the averaged CARS temperature and the radiation temperature and the standard deviation of the measured averaged CARS temperature are plotted in Fig. 9 . As shown in Fig. 9 the difference is Ͻ1.8% and the standard deviation is 0.5-1.2%. Therefore the precision of the averaged CARS temperature obtained by the 50-shot averaged spectrum is Ͻ1.2%. Considering the uncertainty of the radiation temperature and the difference between the averaged CARS temperature and the radiation temperature, we estimate the uncertainty of the averaged CARS temperature in this temperature range to be Ͻ2%.
C. Drift of CARS Temperature
To derive the CARS temperature from the measured CARS spectrum one must normalize the CARS spectrum with the spectral distribution of the broadband Stokes beam used in the CARS experiment. For the normalization a nonresonant CARS spectrum, such as that of argon ͑inert gas͒ or propane, is used; and the nonresonant CARS spectrum is usually measured before and after the CARS experiment. Therefore if the spectral distribution of the Stokes beam drifts during the CARS experiment and has a different shape, the derived CARS temperature may involve large temperature errors. In practice measuring the nonresonant spectrum with every shot is difficult owing to the complications of the detection system.
The stability of the spectral distribution of multimode dye lasers has not been studied carefully yet, but we can easily expect that the spectral distribution may be strongly changed by mechanical vibrations, temperature changes in the dye solution, intensity variation of the pumping laser, and so on. All these factors affect the cavity condition of the multimode dye laser. We first investigate the averaged CARS temperature variation owing to the long-term drift of the spectral distribution of the modeless laser.
We measure the drift of the averaged CARS temperature using the following procedure. First we generate a theoretically synthesized CARS spectrum at a temperature of 1500 K and make a test spectrum by normalizing it with the measured nonresonant CARS spectrum. When we calculate the CARS temperature of the test spectrum the difference between the theoretical temperature and the calculated CARS temperature is Ͻ2 K. Next we measure the nonresonant CARS spectrum every hour for 5 h, and then we normalize the test spectrum with the measured nonresonant CARS spectrum. Finally we derive the CARS temperature of the normalized test spectrum. The results of the averaged CARS temperature drift obtained in three experiments performed on other days are shown in Fig. 10 . It is remarkable that the maximum temperature drift during 5 h of operation is only 22 K.
Conclusions
We have developed a new modeless dye laser with a simple structure and have investigated the operational characteristics of a modeless laser for broadband CARS. The energy efficiency of the modeless laser is 6%, and the beam divergence is 0.65 mrad. The wavelength of the ASE can be tuned passively by mixing two different dyes or tuned actively using a wavelength selection device, such as a narrow-band interference filter or a grating. However, if we use a grating for tuning the wavelength the ASE beam has a different spatial spectral distribution. When a diffraction grating is used, the center wavelength variation of the ASE beam reaches 2.5 nm ͑32 cm Ϫ1 ͒. On the other hand, there is a variation of only 0.1 nm ͑2.0 cm Ϫ1 ͒ with the narrow-band interference filter. We constructed a compact, movable CARS system with the modeless laser. With a new homemade temperature-fitting program for the CARS system we can obtain the CARS temperature from the measured CARS spectrum in 1 s during the experiment. We also constructed a graphite-tube furnace to test the accuracy of the CARS temperature in temperature ranges above 1500 K. By comparing the averaged CARS temperature with the radiation temperature measured with an optical pyrometer, we can estimate the uncertainty of the averaged CARS temperature to be Ͻ2% in the temperature range from 1000 to 2400 K. Finally we measured the averaged CARS temperature drift owing to the variation of the spectral distribution of the modeless laser, which is Ͻ1.5% during 5 h of operation.
We plan to undertake additional research to test the accuracy of CARS temperatures at high pressure and the variation analysis of CARS temperature owing to the drift of spectral distribution of the ASE.
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